Patients who are forced to use axillary crutches by sudden accidents usually use them temporally. Although the time period during which the patients require crutches is short, it is desirable that such patients are properly instructed on the proper method of using crutches when the patients start to use crutches. In this paper, a guiding robot for crutch beginners was developed. This robot mainly consists of the Roomba vacuum cleaner and the Kinect sensor. It was designed to move ahead of a crutch user by using the Roomba's moving mechanism, and to measure the crutch user's body parts motions by using the Kinect sensor, simultaneously. Some experiments were carried out, and it was confirmed that the developed robot can lead the walking crutch user with keeping a constant distance, and it can determine the before/after stride ratio of the crutch user. The before/after stride ratio will be efficient to evaluate the walk motion stability.
Introduction
Rehabilitation is important for healing of injured patients. Especially, proper rehabilitation on the appropriate timing will enhance the following healing. During the recovery of a leg injury, a wheelchair, a walking frame and crutches are sequentially used as a walk assistive devices depending on the improvement of the injury. At a hospital, a specialist like a physical therapist instructs the patient on the proper method of using assistive devices based on the doctor's diagnosis. Because the time period of relying on the assistive devices is not so long, a training of the method of using the tool is not sometimes regarded as so important. However, the training should be done carefully with a lot of time. The reason is that not negligible numbers of accidents occur at the stage of the self-reliant.
In this research, axillary crutches are focused on. Because it is regarded that crutches are more stable, lighter and easier to be handled than other tools, a lot of patients use crutches. There are two kinds of crutch users; one is temporary users and the other is chronic users. Patients who are forced to use crutches by sudden accidents usually use them temporally, because after the injury is recovered, crutches are not required. As a result, much time is not actually spent for crutch beginners' trainings. However, as mentioned before, the methods of the patients' using crutches should be observed more carefully. It is because that many patients actually tend to use crutches in wrong ways, which can raise secondary accidents like fallings. Therefore, it is desirable that these patients are properly instructed about the methods of using crutches when they start to use crutches [1, 2] . For example, a development of a mechatronic device for supporting and advising crutch walk trainings is required.
Up to now, there have been several researches about crutch walks. Shoup et al. investigated the crutch walk motions by cameras [3] . Pradhan et al. discussed an optimal crutch weight [4] . Haubert et al. investigated shoulder joint forces of patients [5] . Merrett et al. developed an instrumented crutch for monitoring the applied weights, tilting angles and positions of the grip [6] . These researches were mainly aimed at observing the crutch walk motions.
On the other hand, there were few researches in which the crutch walk motions were reviewed. In [7] , a prototype advising system for crutch walks was developed.The walk motions were measured by an optical motion capturing system (MOCAP), and the walk motions were evaluated. In these evaluations, the body accelerations that were estimated from the body parts motions were used. The reason why the body accelerations were observed is that the body balance depends on the body accelerations, and the body accelerations are often used for evaluating normal walks' stability in past researches [8, 9] . In [10] , it was also confirmed that the before/after body acceleration ratios of the crutch users were important for evaluating the body balance during crutch walks. The evaluation results of the walk motions were presented on a computer display with a graphic representation right after the measurement.
A standard MOCAP usually requires some additional items like reflective markers and lighting devices, and a calibration procedure is necessary before measurements. In [11] , the Kinect sensor [12] was introduced for the measurements of the crutch users' body part motions in place of a standard MOCAP. The Kinect sensor has an advantage that it does not require any other items except the Kinect sensor itself. However, the number of walk steps was limited, because the measurable area of the Kinect sensor was limited. In that system, only up to four steps crutch walks could be measured. In this paper, a mobile robot that carries the Kinect sensor is newly developed. This robot moves ahead of the crutch user as if it guides the crutch user. As a result, it is expected that the number of steps is not limited, and more actual crutch walks that consist of unlimited steps can be measured. The developed robot in this paper is called "Measuring and Guiding robot". This robot also estimates and evaluates the crutch walk motions while it moves ahead of the walking crutch user. In Chap. 2, the developed robot is explained. In Chap.3, some experiments are carried out, and it is confirmed that the developed robot can measure the body parts motions and evaluate the walk motions with moving ahead of the crutch user. In Chap.4, this paper is concluded.
Developed robot

Measuring and guiding robot
In this research, a mobile robot, that moves ahead of the crutch user and measures the crutch user's body parts motions, is developed ( Figure 1 ). This robot consists of the The Kinect sensor is introduced for measurements of crutch walk motions in place of a standard MOCAP. The reason is that the Kinect sensor will simplify the measuring procedures. Three kinds of sensors, that is, CCD cameras, a microphone and a depth sensor are embedded into the Kinect sensor, and the Kinect sensor measures the twenty human body parts positions within 1m to 4m distant from the Kinect sensor without any other devices except the Kinect sensor itself (Figure 4 ). Since the Kinect sensor was released by Microsoft, it has been utilized for various applications; Clark et al. [13] and Galna et al. [14] investigated its measuring precision for human body motions, and Auvinet et al. [15] used it for measuring the cycle of a normal walk. Hasegawa and Nakauchi used the Kinect sensor as a 1,000 1,500 2,000 2,500 3,000 3,500 Figure 6 . Measurement errors depending on the distances between the Kinect sensor and a standing participant gesture input device for a telepresence robot [16] . On the other hand, there has been no report in which crutch users' walk motions are measured by the Kinect sensor.
The Roomba is an autonomous vacuum cleaner with two driving wheels sold by iRobot [17] . Since the Roomba was released, it has been hacked to extend its functionality by lots of users. Its moving velocity can be controlled from -500mm/s to 500mm/s using a computer in conjunction with the Roomba Open Interface via USB connection. The roomba is 340mm in diameter, 92mm high, and it weighs 3.7kg including a battery, and it is known that the battery life is about 90-120 minutes. The Roomba features a set of basic sensors, so there is a possibility of performing a various tasks. For instance, the Roomba is able to change the direction on encountering obstacles. In this research, the Kinect sensor and a laptop computer are carried by the Roomba in order to extend the measureable steps of the crutch walks. 
Control of the moving velocity of the robot
Although the Kinect sensor is generally regarded so small and it is not so expensive, its measurement accuracy of Kinect sensor is worse than standard MOCAPs. It is said that its position measurements include negligible errors of about 100mm in practical usages. Thus, the measuring precision of the Kinect sensor for crutch walks should be studied before the Kinect sensor is practically used.
In order to confirm the measuring precision, one participant standing at every 500mm from 1,000mm to 3,500mm apart from the Kinect sensor, and the distances from the Kinect sensor to the abdomen of the participant are measured three times for the each distance ( Figure 5 ). Figure 6 shows the measurement results, where the error bars mean the standard deviations. The measuring errors were less than 50mm in the cases when the participant stood within 2,500mm distant, and the measuring errors were more than 100mm in the cases when the participant stood more than 3,000mm distant. Therefore, it was decided that the distance between the Kinect sensor and the crutch user should be controlled to be 2,000mm.
Based on this result, the reference moving velocity v ref of the Roomba is calculated by a proportion controller explained as (1)
where d ref is the reference distance between the robot and the crutch user (2,000mm), and d is the distance measured by the Kinect sensor.
Thigh motions for evaluating crutch walks
In this research, the crutch user's strides of the injury-free leg, i.e., the distances between the adjacent landing positions of the injury-free leg are examined in order to evaluate the crutch walk stability. If a MOCAP is available, the motions of the foot can be measured precisely. However, in this paper, the Kinect sensor is used for measurements. It is known that precise measurements of the foot motions by the Kinect sensor is difficult, because the foot is close to the ground. On the other hand, it is easier to measure the thigh motions with the same precision as the released specifications, because the thigh is more distant from the ground than the foot. Therefore, in this research, the stride is estimated from the horizontal thigh motion on the sagittal plane (Figure 7) . [10] reported that there is a strong relationships between the toe relative displacements from the abdomen and the relative thigh displacements from the abdomen, the thigh displacements and the body accelerations, and the body accelerations and the body balances during crutch walks. That is, if the body acceleration becomes smaller, the stride tends to be shorter, and if the body acceleration becomes bigger, the stride tends to be longer. In this paper, the each amplitude of the thigh displacements on the sagittal plane during each the step is measured, and the each before/after amplitude ratio of the displacements is calculated. These before/after ratios mean how much the current amplitude of the thigh displacement is longer/shorter than the previous one. From these calculations, the before/after ratios r n of the nth step is derived as (2) r n = a n a n−1 (2) where a n is the successive maximal-to-minimal relative displacements (amplitude) of the thigh of the nth step.
Experiment
Measuring precision of the crutch walk motion by the developed robot
In order to confirm the measuring precision by the Kinect sensor that is embedded into the developed robot, crutch walk motions of a injury-free participant (male, 20 years old) are measured by both the developed robot and the MVN BIOMECH full-body human measurement system[18] (Figure 8 ). MVN BIOMECH consists of 17 inertial sensors, and it measures the body parts motions. This is used for the calibration of the measuring precision of the developed robot in this experiment. The participant is instructed to walk with every constant stride (600mm). For this experiments, the markers are presented on the walkway as the references of the landing position of the injury-free leg. Figure 9 shows the measured displacements of the participant's thigh on the sagittal plane during 7 steps. 
Step 1st 2nd 3rd 4th 5th 6th 7th 8th Pattern 1 600 600 600 600 600 600 600 600 Pattern 2 600 600 600 600 900 600 900 600 Pattern 3 600 600 600 600 300 600 300 600
Measuring errors between the developed robot and MVN BIOMECH were almost less than 100mm, and this range of the errors was same to the announced specification of the Kinect sensor. Although there were such measuring errors, it was confirmed that both of the measured before/after amplitude ratios of the thigh displacements were similar. This means that the measuring precision by the Kinect sensor is enough to evaluate the crutch walk motions for discussing the before/after amplitude ratios of the thigh.
Measuring and guiding experiment
A participant (male, 20 years old) is directed to do 8 steps crutch walks in three kinds of previously defined stride patterns shown in Table 1 . In the each pattern, the strides of the initial 4 steps are kept to be 600mm as normal steps, and that of the following steps are controlled to be 300mm, 600mm or 900mm. In the measurements, reference landing positions of his injury-free leg are presented on the walkway by the posted markers. The thigh displacements during the crutch walks are derived from the measurements by the Kinect sensor of the developed robot, which moves ahead of the walking participant with keeping the distance to be 2,000mm (Figure 10 ).
In the experiments, as for the pattern 1, the crutch walks were measured 15 times, as for the pattern 2, the crutch walks were measured 14 times, and as for the pattern 3, the crutch walks were measured 15 times. All through the experiments, crutch walks of 44 times were measured, and the stride varied 80 times in total. The number of the steps were classified according to the before/after ratios of the thigh displacements at every 0.1 as Figure 11 . In case that the strides were controlled to be constant (Figure 11(a) ), the before/after ratios almost distributed to the center in the histogram. In case that the strides were changed to be longer (Figure 11(b) ), the before/after ratios almost distributed to the right side in the histogram. In case that the strides were changed to be shorter (Figure 11(c) ), the before/after ratios almost distributed to the left side in the histogram. These results showed that if the before/after ratios of the thigh motion can be derived, the before/after ratios of the stride can be estimated. Finally, it was also expected that there may be threshold values of the before/after ratios of the thigh displacements at 1.2 and 0.9 for decisions if the stride was changed longer or shorter, respectively.
Conclusion
In this paper, a measuring and guiding robot for crutch users was developed. The Kinect sensor was installed into the robot for measurements of the walking motions. The body accelerations are important for evaluating a walk balance, and they can be estimated from the crutch walk strides. The strides were estimated from the thigh motions that were derived from the Kinect sensor's measurements. Although the measuring area of the Kinect sensor is not so large, the Roomba mobile robot was adopted to move the Kinect sensor. The velocity of the Roomba was controlled in order to keep the distance between the crutch user and the developed robot, and it was achieved that the robot worked as a guiding robot of a crutch user. As a result, long distance crutch walks could be measured. In the experiments, three kinds of crutch walks whose strides were controlled, were measured, and the before/after ratios of the thigh displacement were estimated correctly. These results showed the efficacy of the developed robot.
Future works
It is expected that the introduction of an advising function into the robot is expected for practical trainings. (c) In case that the stride was changed to be shorter Figure 11 . Number of steps from the viewpoint of the before/after ratio of the thigh displacement
